The visceral musculature of the Drosophila midgut consists of an inner layer of circular and an outer layer of longitudinal muscles. Here, we show that the circular muscles are organised as binucleate syncytia that persist through metamorphosis. At stage 11, prior to the onset of the fusion processes, we detected two classes of myoblasts within the visceral trunk mesoderm. One class expresses the founder-cell marker rP298-LacZ in a one-to two-cells-wide strip along the ventralmost part of the visceral mesoderm, whereas the adjacent two to three cell rows are characterised by the expression of Sticks-and-stones (SNS). During the process of cell fusion at stage 12 SNS expression decreases within the newly formed syncytia that spread out dorsally over the midgut. At both margins of the visceral band several cells remain unfused and continue to express SNS. Additional rP298-LacZ-expressing cells arise from the posterior tip of the mesoderm, migrate anteriorly and eventually fuse with the remaining SNS-expressing cells, generating the longitudinal muscles. Thus, although previous studies proposed a separate primordium for the longitudinal musculature located at the posteriormost part of the mesoderm anlage, our cell lineage analyses as well as our morphological observations reveal that a second population of cells originates from the trunk mesoderm. Mutations of genes that are involved in somatic myoblast fusion, such as sns, dumbfounded (duf ) or myoblast city (mbc), also cause severe defects within the visceral musculature. The circular muscles are highly unorganised while the longitudinal muscles are almost absent. Thus the fusion process seems to be essential for a proper visceral myogenesis. Our results provide strong evidence that the founder-cell hypothesis also applies to visceral myogenesis, employing the same genetic components as are used in the somatic myoblast fusion processes. q
Introduction
In the more highly organised animals different types of muscle cells are structurally and functionally optimised for different purposes. The skeletal muscles of vertebrates as well as the body-wall muscles of Drosophila, for example, are optimised for rapid and synchronous contractions. They consist of large multinucleate cells that are established by the fusion of many separate cells now acting in common as a superior unit. In Drosophila, the formation of the larval somatic muscles has been well studied at morphological as well as genetic levels (reviewed in Paululat et al., 1999) . Initially, muscle progenitors are singled out by a lateral inhibition process involving the proneural gene lethal of scute (l'sc) and the function of Notch (N) (Carmena et al., 1995) . Asymmetric cell division of individual progenitor cells gives rise to two distinct muscle founder cells which are characterised by the expression of dumbfounded (duf ), a member of the immunoglobulin superfamily (Ruiz-Gómez et al., 2000) . Each muscle founder cell that determines the specific identity of a later muscle (Bate, 1990; Dohrmann et al., 1990) fuses with so-called fusion-competent cells that express sticks-and-stones (sns), another member of the immunoglobulin superfamily (Bour et al., 2000) . In a first step muscle precursors are formed by the fusion of one founder with two to three fusion-competent myoblasts. The myogenesis proceeds by the successive recruitment of additional surrounding myoblasts until the final number of nuclei is reached (reviewed in Frasch and Leptin, 2000) . In embryos deficient in either duf or sns expression, the formation of syncytia within the somatic musculature is almost absent (Bour et al., 2000; Ruiz-Gómez et al., 2000) . Several other genes are involved either in the specification of individual muscles or in different steps of the myogenic fusion processes (reviewed in Baylies et al., 1998; Frasch, 1999; Rau et al., in press) .
While the formation of the somatic muscles has been well described, much less is known about the myogenesis of the visceral musculature. The hindgut is surrounded solely by circular muscles that originate from the caudal mesoderm (Lawrence and Johnston, 1986; San Martin and Bate, 2001 ). The visceral muscles of the midgut consist of two layers of fibres: an inner layer of circular muscles enveloping the midgut tube and the longitudinal musculature that covers them (Strasburger, 1932; Robertson, 1936; Bodenstein, 1950) . Recent analyses provide evidence that these two layers are of different origin (Broihier et al., 1998) . While the circular musculature of the larval midgut derives from a mesodermal portion of the prospective trunk region (Tremml and Bienz, 1989; Azpiazu and Frasch, 1993) , the longitudinal fibres originate from a region located at the posterior tip of the blastodermal mesoderm anlage (Kusch and Reuter, 1999) . This primordium is defined by the expression of bHLH54F (Georgias et al., 1997) and represents the ventralmost part of the early expression domain of brachyenteron (byn), the Drosophila Brachyury homologue (Kusch and Reuter, 1999) . In embryos lacking the byn function the longitudinal musculature is completely absent. This phenotype was rescued when byn was ectopically expressed within the posterior tip of the mesoderm anlage under the control of the GAL4 line G447. These results indicate that the primordium giving rise to the longitudinal muscles is located entirely at the posterior tip of the mesoderm anlage. During further embryonic development the precursors of the longitudinal muscles migrate anteriorly over the circular musculature of the midgut, which is still differentiating, and eventually adopt the elongated morphology characteristic of the longitudinal fibres (Tepass and Hartenstein, 1994; Campos-Ortega and Hartenstein, 1997; Georgias et al., 1997; Kusch and Reuter, 1999) .
Using a novel approach to label exclusively multinuclear cells, we have recently been able to show that both the longitudinal musculature of the midgut and the circular musculature of the hindgut are organised as syncytia (Klapper et al., 2001) . For this purpose we combined the GAL4/ UAS system (Brand and Perrimon, 1993) with the singlecell transplantation technique (Meise and Janning, 1993) to generate genetic mosaics of cells carrying either the GAL4 gene under the control of a constitutive promoter or a UAS construct driving a reporter gene. An activation of the UAS construct and therefore the expression of the reporter gene occurred only when donor-and recipient-derived cells fused with each other, giving rise to a common syncytium.
Here we used the GAL4/UAS transplantation system to analyse the trunk region of the mesoderm anlage. In contrast to previous descriptions (Elder, 1975) our results reveal that the circular muscles of the midgut are not mononuclear, but consist of binucleate syncytia, which persist through metamorphosis. Surprisingly, we also detect labellings within the longitudinal muscle fibres. By further morphological and genetic analyses we provide evidence that not only somatic muscles but also visceral muscles are generated by fusion of founder and fusion-competent cells.
Results

The longitudinal visceral muscles originate from two different anlagen
Tracing back gene expression patterns, it was presumed that the anlage giving rise to the longitudinal visceral musculature is located at the posteriormost part of the mesoderm anlage (Tepass and Hartenstein, 1994; Georgias et al., 1997) , which corresponds to the ventral part of the byn expression domain (Kusch and Reuter, 1999) . Furthermore, single-cell transplantations carried out within this posterior region gave rise to clones labelling longitudinal muscles (Klapper, 2000) . These transplantation clones never shared a common cell lineage with other tissues, which indicates that this tissue arises from a separate primordium that is already determined at the blastoderm stage (Klapper, unpublished data) .
However, by analysing 115 homotopic single-cell transplantations within the central region of the trunk mesoderm we also, surprisingly, obtained labelled longitudinal muscles. Single cells were transplanted from either UASlacZ or UAS-GFP donor embryos into da-GAL4 recipients at the blastoderm stage between 40-50% EL and 0-20% VD (EL, egg length; 0% EL, posterior pole; VD, ventrodorsal; 0% VD, ventral). Here all syncytia that were generated by the fusion of donor-and recipient-derived cells express the reporter gene. Besides 33 larvae displaying a reporter gene expression restricted to larval somatic muscles, in three cases we detected a reporter gene expression in larval somatic muscles and longitudinal visceral muscles at the same time (Fig. 1A) . Since all transplantations were carried out at 40-50% EL, these results reveal that the primordium giving rise to longitudinal visceral muscles is not restricted to the posteriormost part of the mesoderm at 5-15% EL. Our results rather suggest a second origin of cells contributing to the longitudinal musculature. Furthermore, these data provide evidence that the part of the longitudinal visceral muscles that originates from the trunk mesoderm is not determined at the blastoderm stage but shares a common cell lineage with somatic muscles.
After single-cell transplantation we obtained only three larvae with reporter gene expression within longitudinal muscles. In order to increase the frequency of labelled syncytia we additionally carried out transplantations of more than one cell. We performed 161 homotopic transplantations of up to ten cells from UAS-GFP donors into da-GAL4 recipients between 30-50% EL and 0-20% VD (Table 1) . Transplanted specimens were examined in vivo for labelled syncytia at the end of embryogenesis. In 124 cases we detected GFP expression indicating the presence of syncytia within mesodermal tissues. Of these embryos 56 showed GFP expression contributing to longitudinal visceral muscles of the midgut (Fig. 1B,C) . These data support our finding that cells of the mesodermal trunk region also contribute to the formation of longitudinal visceral muscles.
The circular visceral musculature of the midgut consists of binucleate syncytia that persist through metamorphosis
The analysis of the longitudinal midgut musculature and the circular muscles of the hindgut revealed that both tissues are organised as syncytia (Klapper et al., 2001 ). This raised the question as to whether this is a general feature of the visceral musculature. Indeed, our series of multiple-cell transplants produced 22 embryos with GFP expression contributing to circular visceral muscles of the midgut (Table 1 ; Fig. 1B,C) . This clearly demonstrates that the circular musculature of the midgut consists of syncytia. Remarkably, each labelled syncytium comprises two nuclei (Fig. 1B,C) . The use of GFP as in vivo marker allows individual embryos to be analysed throughout further development. Sixteen of these 22 individuals reached the third larval instar and in all of them GFP expression in the circular visceral muscles was detected again. As observed in embryos, each circular muscle comprises two nuclei (Fig.  1D) . In all individuals that survived metamorphosis ðn ¼ 9Þ, labelled circular muscles displaying the same cellular morphology were again present. We never observed a labelling of circular muscles in the adult fly when no such labelling was observed prior to metamorphosis. This indicates that the circular visceral musculature of the midgut persists through metamorphosis, as was previously shown for the longitudinal musculature and the musculature of the hindgut (Klapper, 2000; Klapper et al., 2001) . At each developmental stage the cytoplasm of a given circular muscle surrounds about one-half of the midgut tube as a delicate meshlike structure. Another binucleate muscle covers the other half of the gut.
The progenitors of the visceral midgut musculature express markers specific for muscle founders (DUF) and fusion-competent cells (SNS)
Having found that the visceral musculature consists of syncytia, we asked how and when these syncytia were generated during embryogenesis. Somatic muscles are formed by the fusion of founder and fusion-competent cells that are characterised by the expression of either DUF or SNS. We analysed whether the same proteins are also involved in the generation of visceral syncytia and whether they define these two cell types in the visceral mesoderm as well. The expression of both genes has already been detected in the visceral mesoderm (Bour et al., 2000; Ruiz-Gómez et al., 2000) . However, a detailed description of the expression patterns in the developing visceral musculature was still lacking. Here, we used the enhancer trap line rP298-lacZ, which shows a b-galactosidase pattern reflecting the DUF expression (Nose et al., 1998; Ruiz-Gómez et al., 2000) . Antibodies against SNS (Bour et al., 2000) and Fasciclin III (FAS III) (Patel et al., 1987) were employed to label either the proposed fusion-competent cells or the membranes of all cells within the visceral trunk mesoderm. By this means it is possible to follow the changes of cell shapes of this derivative from stage 10 onward as well as the allocation of the putative founders and fusion-competent cells (Fig. 2) . At stage 11 FAS III is expressed in a band of three to four irregular rows of globular cells on each side of the developing midgut (Fig. 2C,F) . By this time expression of the enhancer trap line rP298-lacZ is starting in the nuclei of the ventralmost row (Fig. 2D,F ). These cells are also characterised by a more rectangular cell shape as well as a slightly stronger expression of FAS III (Fig. 2C) . Remarkably, all cells of the visceral mesoderm that do not express b-galactosidase are labelled by the SNS antibody ( Fig. 2E,F) . Thus, we find that both proteins are also expressed in two distinct fractions of the visceral mesoderm. This implies that both genes do not only play a crucial role during myogenesis of the somatic musculature but are also employed in the visceral musculature surrounding the midgut. During stage 12 the rP298-LacZ-expressing cells lose their rectangular shape, stretch out dorsally and eventually adopt a spindlelike form (Fig. 2H,J) . At the same time the number of globular SNS-expressing cells decreases (Fig. 2I, J) . By employing the nuclear dye propidium iodide, we were able to show that within the band of rP298-LacZ-positive cells further nuclei appear that are labelled by propidium iodide only (Fig. 2K ). We therefore assume that at this stage binucleate syncytia are generated by the fusion of DUF and SNS-expressing cells. While in somatic muscles all nuclei of a given syncytium start to express DUF as well as rP298-LacZ upon fusion, here only the ventralmost nuclei continue to express b-galactosidase. Only a few cells at the dorsal margin of this visceral band retain their globular shape and still express SNS, whereas no SNS expression is detectable in the elongated cells (Fig. 2I,J) . At late stage 12 some SNS-positive cells appear at the ventral margin of the visceral mesoderm (Fig. 2L) . We propose that these cells are determined to fuse with rP298-LacZ-expressing cells from the posterior tip, which are moving anteriorly to form the longitudinal visceral muscles. At this time additional b-galactosidase-expressing cells appear at the dorsal and ventral margins of the visceral band (Fig. 2K, arrowheads) . These myoblasts were recognised as cells of the developing longitudinal visceral musculature since they express crocodile-lacZ (Fig. 2L ), which has been described as being expressed exclusively within this part of the visceral mesoderm (Häcker et al., 1995) . These cells are juxtaposed with the remaining SNS-positive cells (Fig. 2L) . While the crocodile-lacZ-expressing cells subsequently elongate, the SNS expression fades. Thus, the longitudinal muscles seem to be formed by fusion of DUF-expressing cells that arise from the posterior tip of the mesoderm anlage with SNS-expressing cells from the trunk mesoderm. During further differentiation the spindlelike fibres giving rise to the circular visceral musculature stretch out ventrally and dorsally around the midgut and eventually form the characteristic reticular structures of this tissue. While FAS III expression declines in the circular muscles around stage 15, expression in the longitudinal muscles increases and was used as a marker for the longitudinal musculature at later stages of embryogenesis.
Muscle fusion mutants affect visceral myogenesis
Several genes are known to be essential for the proper formation of syncytia within the somatic musculature (reviewed by Paululat et al., 1999) . Malfunction of any of these genes causes severe defects at different steps of myoblast fusion. Here we analyse whether three of these genes, namely duf, sns and mbc might also play a role in the visceral fusion processes.
Mutations in duf lead to a complete block of fusion among somatic myoblasts already at the founder cell level (Ruiz-Gómez et al., 2000) . During visceral myogenesis the first abnormalities are detectable at stage 11 (Fig. 3A-C , compare to wild type Fig. 3D ). Whereas in wild type embryos the visceral mesoderm forms a continuous band of globular cells, in duf mutants these cells are arranged as patchy clusters (Ruiz-Gómez et al., 2000) . At stage 12 the ventral cells labelled by a strong FAS III expression show a reduced and irregularly orientated expansion. The cells in the dorsal fraction retain their globular shape and continue to express SNS. No signs of cell fusion are detectable; in contrast, both sets of cell types actually become disconnected by randomly formed broad gaps (Fig. 3E-G (Fig. 3M-O , compare to wild type in P).
Until now SNS is the only known protein specifically expressed in fusion-competent cells. In embryos mutant for sns the precursors of the somatic musculature become blocked at the point of myoblast fusion but only subtle defects were observed in constrictions of the visceral musculature (Bour et al., 2000) . For our analysis of the sns phenotype we used the null allele sns20 2 (previously named rost20 2 ; Paululat et al., 1995; Bour et al., 2000) and the allele sns20 . At stage 12 the visceral mesoderm of sns mutant embryos (Fig. 4A-D) shows a phenotype comparable to that of duf mutant embryos (Fig. 3E-G) . The cells that express the founder-cell marker rP298-LacZ are restricted to the ventral part of the visceral band and become less elongated. Within these rP298-LacZ-expressing cells some nuclei move into a more dorsal position, but no signs of myoblast fusion are detectable (Fig. 4B,C) . At the dorsal side, there are many unfused globular cells, which in wild type embryos have already fused with the ventral myoblasts at that stage of development (Fig. 4A ,C compare to wild type Fig. 2G-J) . These cells were identified as fusion-competent cells since they still express SNS (data not shown). In both sns-alleles we frequently observed that the population of fusion-competent cells is not closely aligned with the extending ventral cells, so that small gaps are visible between these two cell populations (Fig. 4D, arrowheads) . At stage 13 most fusion-competent cells remain in a dorsal position and continue to express SNS, whereas some fusioncompetent cells arise at the ventral margin of the visceral band as observed in wild type embryos. All SNS-expressing myoblasts retain their globular shape (data not shown). During further differentiation the spindlelike founder cells stretch out ventrally and dorsally (Fig. 4F,G) . Remarkably, 
is visualised by FAS III expression (red in A, C-E, G-I, K-M, O, P). Cells labelled by SNS expression (blue in B-D, F-H, J-L). Somatic and visceral myoblasts are marked by MHC expression (green in N-P). Overlay (C, D, G, H, K, L, O, P)
. At stage 11 gaps that interrupt the visceral band in the A-P direction are detectable in duf mutant embryos (A-C, compare to wild type in D). During stage 12 no signs of myoblast fusion are detectable in duf mutants and additional gaps also arise between founders and fusion-competent cells (E-G). SNS expression is prolonged in fusion-competent cells (F, G) when compared to the wild type situation (H). At stage 14 the gaps in the visceral band are filled with unfused myoblasts still expressing SNS while FAS III expression in these cells decreases (I-K, compare to wild type in L). In older embryos the gut is surrounded by an undifferentiated envelope of FAS III-expressing cells that presumably represent the residuals of the circular musculature. Longitudinal muscles (M, arrows) are almost absent (M-O, compare to wild type in P).
although we did not observe any fusion processes, these cells differentiate to a certain degree as the binucleate circular muscles in wild type embryos do (Fig. 4E) . At stage 16, besides the absence of the first midgut constriction we further observed severe aberrations within the visceral musculature of the anterior part of the midgut. In comparison to wild type embryos (Fig. 4H-J) , the longitudinal muscles are almost absent and circular muscles are completely disorganised (Fig. 4K-M) . Whereas in wild type embryos FAS III is no longer detectable within circular muscles, in sns mutants the residuals of this tissue still express this protein.
The gene mbc, a homologue of human DOCK180, is expressed in all somatic myoblasts during the fusion Fig. 4 . The aggregation and fusion of visceral myoblasts is disturbed in sns mutant embryos. The visceral mesoderm of sns mutant and wild type embryos is visualised by FAS III expression (red in A, C-H, J, K, M) and the founder cells are marked by rP298-LacZ expression (green in B, C). Differentiated muscles as well as unfused myoblasts are recognised by MHC-expression (green in I, J, L, M). Merged in (C, J, M). At stage 12, when in wild type embryos the fusions take place, in sns mutant embryos no signs of fusion are detectable and the two populations of founder and fusion-competent cells are still prominent. (A-C, sns20 23 ). In many cases we observed several gaps between the two populations (D, arrowheads, sns20 2 ). In wild type embryos the differentiating circular muscles stretch out consistently during stage 14 and form a common dorsal and ventral edge (E), while in sns mutant embryos these margins are entirely disrupted (F: sns20 2 ,G: sns20
23
). Moreover, the regular pattern is also affected in the central region. Towards the end of embryogenesis a strong FAS III expression is detectable in longitudinal muscles of wild type embryos (H, J) and MHC highlights the differentiated somatic muscles (I, J). In the anterior midgut region of sns mutant embryos the longitudinal muscles are almost absent while residuals of the circular musculature continue to express FAS III (K, M). At the same time, many undifferentiated myoblasts surround the midgut (L, M).
processes. In embryos mutant for mbc syncytia within somatic muscles are almost absent, presumably due to defects in the rearrangement of the cytoskeleton during preceding myoblast fusion. MBC is also expressed in the visceral mesoderm from stage 12 onward (Erickson et al., 1997) . Embryos mutant for mbc not only exhibit defects in the formation of midgut constrictions (Rushton et al., 1995; Erickson et al., 1997) but also show severe abnormalities in the formation of visceral muscles (our analysis, Fig. 5 ). At stage 12 the visceral band is randomly interrupted (Fig. 5A,  arrowhead) and the elongated FAS III-expressing cells seem to be disorientated (Fig. 5A,B) . During further development parts of the visceral band either stretch out in the dorsoventral direction, as in the wild type, or form disarranged patches (Fig. 5C ). The status of the founder cells in an mbc mutant background was analysed by expressing rP298-LacZ in the strain mbc C1 . At stage 14 the number of rP298-LacZ-expressing cells within the remaining population of myoblasts appears to be reduced and large gaps within the visceral band are visible (Fig. 5I ) that are not present in the wild type (Fig. 5H) . We still observed many globular cells at the margins of the visceral band that appear to be unfused myoblasts (Fig. 5D) . Antibody staining reveals a prolonged expression of SNS within a corresponding subpopulation of myoblasts (Fig. 5K , compare to wild type in J). As described for duf and sns mutant embryos, no myoblast fusions were detectable. While the circular musculature shows severe defects and is apparently reduced, the longitudinal musculature is completely absent at the end of embryogenesis (Fig. 5E-G) .
Discussion
By using the GAL4/UAS transplantation system for cell lineage analyses of the mesoderm anlage we detected syncytia not only within somatic muscles but also in the visceral musculature. Since the visceral muscles had previously been described as mononuclear (Elder, 1975) , this surprising observation led us to focus our interest on syncytia formation within this tissue.
The visceral musculature consists of syncytia
Our previous analyses of the longitudinal muscles and of the circular muscles of the hindgut revealed that these parts of the visceral musculature consist of syncytia. Here we provide evidence that the circular visceral muscles of the midgut are likewise organised as syncytia. The first signs of GFP expression within these muscles were observed in embryos at stage 15. As there is a considerable delay of about 2-4 h between the activation of the UAS-GFP construct and the formation of the fluorescent product (Heim et al., 1994; Brand, 1995; Hazelrigg et al., 1998) , we assume that the formation of syncytia begins at stage 12. This is consistent with our observation of the first fusion processes within the visceral band. Using GFP expression as an in vivo marker we were able to follow individual syncytia throughout development. In contrast to longitudinal muscle fibres, which have been found to contain up to six nuclei (Klapper, 2000) , the circular muscles of hindgut as well as midgut always comprise two nuclei each. Thus, fusion processes within this tissue stop after the formation of binucleate minimal syncytia that each cover one-half of the gut tube. This is a curious finding since in other muscle types of Drosophila many nuclei share a common cytoplasm to generate a large structural and functional unit. Following labelled syncytia through all stages of development, we were able to show that the visceral musculature is not replaced by a newly formed imaginal tissue but persists through metamorphosis. As the visceral musculature plays a crucial role for the proper formation of the midgut during embryonic development (Reuter et al., 1993; Tepass and Hartenstein, 1994; reviewed in Bienz, 1994) , the persisting visceral musculature might again serve as a template for remodelling of the gut tube during metamorphosis.
The founder-cell hypothesis also applies to visceral myogenesis
Since we discovered myoblast fusions within the visceral musculature, we analysed whether these syncytia are also formed by DUF-expressing founder and SNS-expressing fusion-competent cells as previously shown for somatic myogenesis (Bour et al., 2000; Ruiz-Gómez et al., 2000) . For this reason we analysed the b-galactosidase expression pattern of rP298-LacZ -which resembles DUF expressionand SNS expression in detail. In contrast to the expression patterns in the somatic mesoderm, where the segmentally arranged founder cells are surrounded by groups of fusioncompetent cells, in the visceral mesoderm two juxtaposed bands of either b-galactosidase or SNS-expressing cells become visible at stage 11. Thereafter, b-galactosidaseexpressing myoblasts become elongated and fuse with SNS-expressing cells. Whereas in somatic myogenesis the fusion processes last from stage 12 to stage 15, myoblast fusion within the visceral mesoderm is terminated at stage 13. This rapid completion of the fusion processes might be due to the small size of these syncytia, since it was shown for somatic muscles that those containing fewer nuclei are completed earlier (Bate, 1990) . As is observed in somatic myogenesis (Bour et al., 2000) , SNS expression is no longer detectable after the fusion-competent cell has fused with a b-galactosidase-expressing cell. However, while the bgalactosidase expression of rP298-LacZ is detectable within all nuclei of the developing somatic muscles (Nose et al., 1998) , in the circular visceral muscles the expression remains restricted to the initially expressing nucleus. The nuclear import sequence of b-galactosidase is such that the protein is imported into any nucleus of a syncytium independent of its origin of expression (Klapper et al., 1998) . Hence, the restriction of b-galactosidase to one of the two nuclei within a circular muscle indicates the termination of b-galactosidase expression prior to the fusion event.
Assuming that the lacZ expression resembles the duf pattern in all details, we conclude that in the circular musculature duf expression stops at least with myoblast fusion. This is again in accordance with the observed duf expression during somatic myogenesis. There, duf can be detected in muscle (D, arrows) . In dissected midguts of stage-14 embryos the number of cells expressing the founder-cell marker rP298-LacZ appears to be reduced and large gaps are often visible (I, arrowhead), whereas there are none in the wild type (H). In contrast to dissected midguts of stage 14 wild type embryos (J) we detected a prolonged SNS expression within the visceral band of mbc mutants (K). The circular musculature is apparently reduced and the longitudinal musculature is completely absent at the end of embryogenesis (E-G).
precursors as long as they incorporate further fusion-competent cells into the syncytia (Ruiz-Gómez et al., 2000) .
The expression of DUF and SNS within the visceral mesoderm suggests a function of specifying founder and fusion-competent cells similar to that observed for the somatic musculature. To clarify whether these genes indeed play a functional role in visceral myoblast fusion, we analysed the phenotypes of sns and duf mutant embryos with respect to syncytia formation within the developing visceral musculature. In wild type embryos the ventrally located cells of the visceral band exhibit all characteristics of muscle founder cells, in that they express DUF, become elongated and fuse specifically with SNS-expressing myoblasts. Without duf function no signs of visceral muscle fusion were detectable. We therefore propose duf as the key component in the visceral muscle founder cells. This observation is in agreement with the postulated role of DUF as an attractant for fusion-competent cells in the somatic musculature (Ruiz-Gómez et al., 2000; Frasch and Leptin, 2000) . Our results indicate that loss of duf function leads to a complete loss of fusion even though the two populations of founders and fusion-competent myoblasts are already aligned within the visceral band at stage 11. Therefore, in the visceral mesoderm DUF expression seems not only to attract the fusion-competent cells but also to play a crucial role in the fusion process itself. Probably the gaps within the visceral band of duf mutant embryos (Ruiz-Gómez et al., 2000 and our observations Fig. 3A-C ) may indicate an early DUF adhesion function necessary for a proper anteriorposterior alignment of the visceral myoblasts. Furthermore, despite initial cell alignment at stage 11 this contact between founder cells and fusion-competent myoblasts is lost during further development, so that additional gaps appear between these cell layers ( Fig. 3E-G) . In sns mutant embryos, again, no myoblast fusions were detectable. The phenotype closely resembles that of duf mutant embryos, as the two populations of founders and fusion-competent cells seem to reject each other. However, the large gaps within the visceral band of duf embryos were never observed in sns mutants. Whereas in the anterior part of the midgut severe defects of the visceral musculature are obvious at later stages of embryogenesis, the posterior part looks quite normal. This regional difference is somewhat difficult to explain, since at earlier stages no such regional distinctions were observed. We think that either in the posterior visceral band sns function can be mimicked or bypassed later on by another spatially restricted gene product, or that even unfused myoblasts can form a seemingly normal musculature in the posterior part. The stronger phenotype at later stages in duf mutant embryos may indicate that the founder cells play a more crucial role in visceral myogenesis than the fusion-competent cells. In somatic myogenesis founder and fusion-competent cells play specific roles in the recognition process, while in mbc mutants the fundamental capability to fuse is lost in both cell types. Because here intracellular components of the fusion apparatus are affected, fusion-competent cells still aggregate around founders, but the tight membrane junctions are not formed and fusion does not occur (Rushton et al., 1995; Doberstein et al., 1997; Ruiz-Gómez et al., 2000) . As is consistent with the somatic phenotype, in the visceral myogenesis fusion is totally blocked although founder and fusion-competent cells are in direct contact and still express SNS and DUF.
Taken together, our results provide evidence that the founder-cell hypothesis also applies to visceral myogenesis employing the same genetic components as used in the somatic myoblast fusion processes. Thus, the specification of myoblasts as either founder or fusion-competent cells might be a fundamental step preceding syncytia formation.
Founders and fusion-competent cells of longitudinal muscles arise from two different primordia
Previous analyses provided evidence that the primordium for the longitudinal midgut musculature is located at the posteriormost tip of the mesoderm anlage (Tepass and Hartenstein, 1994; Campos-Ortega and Hartenstein, 1997; Georgias et al., 1997; Kusch and Reuter, 1999; Klapper, 2000; Klapper et al., 2001) . In byn mutant embryos the hindgut as well as the longitudinal musculature are absent. The longitudinal musculature can be rescued, if byn is ectopically expressed exclusively within the posterior tip of the mesoderm anlage (Kusch and Reuter, 1999) . Thus it was concluded that the entire anlage of the longitudinal musculature is located within this posterior region. However, after transplantation within the central region of the trunk mesoderm we frequently obtained labelled longitudinal muscles. Taking into account that the founder-cell hypothesis is also valid for this tissue, we are now able to solve this seeming contradiction. The founder cells of the longitudinal musculature that comprise the genetic information for the specific tissue identity arise from the posterior tip of the mesoderm anlage, while the fusion-competent cells originate from the entire trunk region as indicated by our confocal analysis. During the fusion processes we can distinguish between two different events of syncytia formation. (1) At stage 12 all the ventrally located founder cells simultaneously become extended dorsally. Each of them fuse with a single SNSexpressing fusion-competent cell, eventually differentiating into a binucleate circular muscle. (2) The remaining SNSexpressing cells migrate to both margins of the visceral band and successively fuse with the longitudinal founder cells that invade from the posterior tip of the mesoderm. It is thus reasonable that in byn mutant embryos the entire longitudinal musculature is missing, since the fusion-competent cells alone are not capable of differentiating longitudinal muscles.
Experimental procedures
Fly stocks
For the in vivo examination of syncytia we used the UAS-GFP.S65T strain (B. Dickson, unpublished) and the UASlacZ 4-2-1 strain (Brand and Perrimon, 1993) as donors and the GAL4daG32 strain as recipient for the transplantation experiments. The GAL4daG32 strain ubiquitously expresses GAL4 under the control of the daughterless promoter (Wodarz et al., 1995) . The strains UAS-GFP.S65T and UAS-lacZ 4-2-1 were obtained from the Bloomington Drosophila Stock Center. For b-galactosidase-expression in founder cells we used the enhancer trap line rP298-lacZ (Klämbt et al., 1991; Nose et al., 1992; Nose et al., 1998) . crocodilelacZ is expressed in the longitudinal musculature (Häcker et al., 1995) . For the analysis of the sns phenotype we used sns20
23
, an EMS-induced allele displaying a strong fusion defect in the somatic muscles and sns20 2 , an EMS-induced null allele (previously named rost20 23 and rost20 2 , Paululat et al., 1995 , Bour et al., 2000 . As null allele for dumbfounded we used the duf deficiency w 67k30 (Ruiz-Gómez et al., 2000) from the Bloomington Drosophila Stock Center. The mbc C1 allele behaves as a null allele for myoblast city (Rushton et al., 1995) . For the analysis of founder cells in sns and mbc mutant background we crossed the rP298-lacZ line with sns20 23 and mbc C1 stocks. The mutant embryos could be distinguished from the heterozygous embryos as the Balancer chromosome carried a lacZ insertion as marker.
Immunohistochemical staining
Immunostainings were performed as described previously (Paululat et al., 1997) . The mouse anti-FAS III antiserum (Patel et al., 1987) was used for the visualisation of visceral mesodermal cells (diluted 1:5). We used a rabbit anti-MHC antiserum (myosin heavy chain, Kiehart and Feghali, 1986) to stain developing muscles (diluted 1:500). A rabbit b-galactosidase antibody (Biotrend, diluted 1:5000) was used to visualise muscle founder cells of the enhancer trap line rP298-lacZ and the expression of the blue balancers. The rat anti-SNS antiserum (Bour et al., 2000) labels all fusion-competent cells (diluted 1:5 for immunofluorescent stainings, 1:40 for colorimetric immunostainings). For colorimetric immunostainings against SNS the TSA signal amplification kit (NEN) was employed. The Vectastain ABC Elite-kit (Vector Laboratories) was used as detection system for immunohistochemical staining of the biotinylated secondary antibodies against rabbit and rat (Promega). For immunofluorescent stainings Cy2-, Cy3-and Cy5-labelled secondary antibodies from goat against rabbit, mouse and rat (preabsorbed and cross-reaction minimised) were used from Dianova in a 1:200 dilution. To highlight all nuclei of the developing visceral musculature, antibody stained embryos were incubated in a 10 mg/ ml solution of propidium iodide (Molecular Probes) in phosphate-buffered saline (PBS) for 20 min and washed in PBS several times. The embryos were embedded in Fluoromount G (Dianova) and photos were taken under Normarski optics with a Zeiss Axiophot microscope or a Leitz confocal microscope and processed with Adobe Photoshop 5.5 (Adobe Systems).
Transplantation experiments
For cell lineage analyses, single cells were transplanted at the cellular blastoderm stage (stages according to CamposOrtega and Hartenstein, 1997) following the transplantation technique of Meise and Janning (1993) . In addition to single-cell transplantations, transplantations of five to ten cells were carried out to raise the frequency of labelled syncytia. Living embryos and third instar larvae were examined for GFP expression and raised to adulthood. For detailed examination of GFP expression larvae and adult flies were dissected in PBS. An Olympus inverse microscope CK40 equipped with an EGFP filter set (AHF Analysentechnik) and a video enhancement system were used for fluorescence analysis.
